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Single phase nano and micro crystalline silicon films deposited using SiF4/ H2 plasma at different H2 dilution levels 
were studied at initial and terminal stages of film growth with spectroscopic ellipsometry (SE), Raman scattering 
(RS) and atomic force microscopy (AFM). The analysis of data obtained from SE elucidates the microstructural 
evolution with film growth in terms of the changes in crystallite sizes and their volume fractions, crystallite 
conglomeration and film morphology. The effect of H2 dilution on film microstructure and morphology, and the 
corroborative findings from AFM studies are discussed. Our SE results evince two distinct mean sizes of crystallites 
in the material after a certain stage of film growth. The analysis of Raman scattering data for such films has been 
done using a bimodal size distribution of crystallite grains, which yields more accurate and physically rational 
microstructural picture of the material.  
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1. INTRODUCTION 
Recent demonstration of thin film solar cells produced 
fully from nanocrystalline (or microcrystalline) silicon has 
generated a new wave of interest in undoped nanocrystalline 
silicon as this material offers increased stability against light 
induced degradation and has enhanced low-energy absorp-
tion in contrast to amorphous silicon (a-Si:H) [1,2,3]. Hy-
drogenated nanocrystalline silicon (nc-Si:H) is also attrac-
tive for thin film transistors and other photovoltaic devices 
due to its easy fabrication technology allowing large area 
deposition even at low temperatures, on non-crystalline sub-
strates [4,5]. The stability and efficiency of the nc-Si:H films 
are important issues for these device applications and both 
these factors are determined by the microstructural charac-
teristics of the film [6,7]. The microstructural characteriza-
tion of the component layers are thus vital to the understand-
ing and prediction of the device efficiency and properties. 
The structural evolution of plasma deposited nc-Si:H films 
can be manipulated to yield maximum efficiency by altering 
the deposition parameters, mainly, hydrogen dilution. The 
knowledge of film microstructure at various levels of film 
thicknesses and its relationship with different H2 dilutions 
provides a method to predict and assess the outcome of the 
controlled deposition techniques. 
Microstructurally, plasma deposited nc-Si:H and micro-
crystalline silicon (µc-Si:H) are heterogeneous materials 
consisting of Si nanocrystallites (≈ 2 to 20 nm) and aggre-
gates thereof (which may reach up to few hundred nm in 
µc-Si:H), dispersed in an amorphous Si matrix, and disorder 
in the form of voids and grain boundaries. In the absence of 
an amorphous phase in this material (which is then termed as 
single-phase nc-Si:H or µc-Si:H), the disordered phase con-
sists of voids, density deficit and clusters of nanocrystallites. 
The heterogeneous nature of nc-Si:H microstructure exists 
along the timescale of growth as well, and with an increase 
in film thickness, a distribution in the sizes of crystallite 
grains can be observed, with variation in the fractional com-
positions of the different sized constituent grains. 
Spectroscopic ellipsometry (SE) and Raman spectros-
copy (RS) are basic non-destructive optical tools routinely 
employed to study the microstructural properties of nc-Si:H 
films. In situ SE provides important information about the 
film thickness, delineates film layers on the basis of their 
components and identifies the volume fractions of these 
components as well. RS provides valuable information re-
garding the film crystallinity and the nature of crystalline 
composition. It is apparent, that the information derived 
from the SE and RS study depends on the relevance and ac-
curacy of the data analysis method. The conventional ap-
proach to the deconvolution of Raman spectra is the same 
for films of any growth stage, and does not take into account 
the presence of the size distribution [8]. This may result in 
some significant errors in the calculation of total crystallinity 
(may be underestimated) and the mean crystallite size (may 
be overestimated) [9]. 
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In this paper we present a microstructural study of sin-
gle-phase nc-Si:H thin films at the very early and terminal 
stages of film growth, deposited at different H2 dilutions. 
Our contribution aims to bring out the quantitative micro-
structural differences between films at different stages of 
growth, and the influence of H2 dilution on the film micro-
structure and morphology. We propose a need for differen-
tial approach to microstructural data analysis based on the 
stage of film growth. Our results evidence a significant pres-
ence of size distribution in crystallite grains (CSD) in films, 
which varies with the stage of film growth. We have pre-
sented an approach to the deconvolution of Raman spectra of 
nc-Si:H based on a model incorporating the CSD [9]. 
2. EXPERIMENTAL DETAILS 
The undoped nc-Si:H films were deposited at low sub-
strate temperature (≤ 200˚C) in a parallel-plate glow dis-
charge plasma enhanced chemical vapor deposition system 
operating at a standard rf frequency of 13.56 MHz, using 
high purity SiF4, Ar and H2 as feed gases. Different micro-
structural series of a large number of samples were created 
by systematically varying gas flow ratios (R = SiF4/H2) for 
samples having different thicknesses (d ≈ 50-1200nm). Each 
nc-Si:H sample was studied with different microstructural 
tools like RS, in-situ phase modulated SE, X-ray diffraction 
(XRD), and atomic force microscopy (AFM) to obtain com-
prehensive and consistent microstructural information [10]. 
Bifacial Raman scattering measurements were carried out by 
focusing the light probe (He-Ne laser, ≈632.8nm) from the 
top film surface [denoted here as RS(F)], as well as from the 
bottom surface [through the glass substrate, denoted here as 
RS(G)] on the samples to obtain information about the film 
at different stages of growth. In this report, the samples be-
long to two sets, the first set has films with thickness in the 
range of 55 nm, and the second set has films having thick-
ness ≈ 950 nm, to ensure comparability of the growth stage 
between the samples of a particular set.  
3. RESULTS AND DISCUSSION 
An important indication of the nucleation processes oc-
curring at the initial stage of growth, and a fair prediction of 
the microstructural growth at higher film thicknesses can be 
obtained from the in-situ spectroscopic study of films at very 
early stages of growth. Fig. 1(a) shows the imaginary part of 
the pseudo-dielectric function <ε2> spectra measured by SE 
on such samples at initial stages of growth (average d ≈ 55 
nm), deposited under different R values. Energy positions at 
≈ 3.4 eV (E1) and at ≈ 4.2 eV (E2) are marked in this graph 
to denote the two prominent structures of the optical absorp-
tion in c-Si, well predicted by the theoretical electronic band 
structure, and particularly sensitive to imperfect crystallinity. 
In contrast, such peaks are not seen in the <ε2> spectrum of 
a-Si:H, rather a broad distribution with a maximum at 
around E1 is seen. In the case of poly or nano or microcrys-
talline silicon, broad shoulders at the energy positions E1 and 
E2 are seen. The E2 peak in Fig. 1 is completely absent from 
the spectra of the film deposited at R = 1/1, while a faint in-
dication of such a peak can be seen in the other two films (R 
= 1/10 and 1/20). Thus, with increasing H2 dilution, there is 
an improvement in film crystallinity. High H2 dilution is 
known to etch out the weak and unsaturated bonds more ef-
fectively, resulting in a better crystalline material. The am-
plitude of the <ε2> spectrum of the R= 1/20 film is very low 
compared to the other two films because such a high H2 dilu-
tion is known to result in a formation of larger crystallites or 
crystallite aggregates, with an associated increase in the 
amount of voids, thereby decreasing the overall crystalline 
volume fraction.   
Experimental SE data was fitted using standard Brugge-
man effective medium approximation. A well-chosen refer-
ence crystalline silicon (c-Si) is essential for obtaining a 
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FIG. 1. (a) Measured imaginary part of <ε2> spectra for nc-Si:H 
samples of early stage of growth (d ≈ 55 nm) prepared by differ-
ent R values (1/1, 1/10 and 1/20); (b) schematic illustration of mi-
crostructures of the same films obtained from SE data analysis; 
the parts (c), (d) and (e) show the 2D-AFM images (1000 nm × 
1000 nm) of the same films; (f) the histograms of size distribution 
of conglomerate surface grains in these films. 
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good fit and a physically rational description of the film 
structure. We have used published dielectric functions for 
low-pressure chemical vapor deposited polysilicon with 
large (pc-Si-l) and fine (pc-Si-f) grains [11]. The schematic 
view of the microstructures of the same films obtained from 
modeling of the SE data is presented in Fig. 1(b), where the 
fractional composition of constituent components and the 
layer thicknesses (dl) are mentioned. The percentage volume 
fractions of fine grains, large grains, voids and amorphous 
content are denoted by Fcf, Fc1, Fv and Fa respectively. In this 
model diagram, we can see that with rise in H2 dilution 
amorphous content in the bulk layer (BL) decreases, result-
ing in a material totally free of any amorphous content at the 
dilution level of R = 1/20. However, the initial increase in Fcf 
in the BL seen on increasing the R from 1/1 to 1/10, denot-
ing improved crystallization, drops sharply with a further in-
crease in R (1/20), while a simultaneous increase in Fv takes 
place. The R = 1/20 film shows increased void fraction due 
to the known effect of high H2 dilution that results in less 
nucleation site generation and increased etching.  
The top surface layer (TSL) in Fig. 1(b) demonstrates 
well the influence of H2 dilution on the microstructural re-
modeling of the nc-Si:H films. The film deposited at R= 1/1 
has the least top surface roughness layer thickness and con-
tains only small crystallite grains. With an increase in the H2 
dilution, a continuous rise in the roughness layer is observed, 
which reaches the highest value for the highest H2 dilution 
case. Simultaneously, higher H2 dilution favors the forma-
tion of large crystallite grains, and large grains make an ap-
pearance in the films deposited under R= 1/20. These find-
ings of surface layer are substantiated by the results of AFM 
study as well. The 2-D AFM images of the same three films 
are presented in Fig. 1(c), (d) and (e). Here, we see that on 
increasing the H2 dilution, the size of surface grains in-
creases [Fig. 1(d) and (e)]. These films having d ≈ 55 nm 
can be assumed to denote the beginning of the growth proc-
ess, here the grain density is found to be higher at a lower 
value of H2 dilution. A corroborative increase in surface 
roughness is also seen with increasing H2 dilution at this 
stage of film growth, as mentioned in each figure. The histo-
grams of the size distribution of surface grains of these sam-
ples are shown in Fig. 1(f), where a shift in the distribution 
towards bigger size is observed as H2 dilution is increased.  
Applying such known considerations about the process 
of grain growth in plasma deposited nc-Si:H, one can rea-
sonably predict the further growth patterns of these films 
from the microstructural picture observed at the early growth 
stage. Thus, the film deposited at lower H2 dilution is ex-
pected to have tightly packed crystallites and conglomera-
tion may assume the shape of straight columns. In contrast, 
for films deposited under higher H2 dilution, more lateral 
growth of crystallites may be seen with the preservation of 
the individuality of the crystallites. Now let us verify these 
predictions by looking at the results of films at the terminal 
stages of growth. To explore how the film microstructure 
changes over the growth process, the imaginary part of <ε2> 
spectra measured by SE on samples having average d ≈ 950 
nm, deposited under different R values (1/1, 1/5 and 1/10), is 
presented in Fig. 2(a). These films have reached a steady 
state growth stage, and the associated changes in the bulk 
crystalline material with increase in film thickness is re-
flected in the increase in the intensity of the shoulder of E2 
peak, indicating excellent crystallization. The schematic 
model diagram of the microstructure of the same three films 
is shown in Fig. 2(b), where the microstructure is seen to 
have changed remarkably compared to the initial stages. At 
this stage, three layers of the film can be distinguished, and 
the modeling of SE data has been done using a three layer 
model: a top surface layer (TSL), a middle bulk layer (MBL) 
and a bulk interface layer (BIL).  
In Fig. 2(b), with an increase in H2 dilution, the incuba-
tion layer or BIL thickness is seen to decrease. An initial rise 
in H2 dilution eliminates the amorphous content in the BIL 
with improvement in overall crystallinity, but a further rise 
to R = 1/10 results in a lowered crystalline fraction with an 
associated increase in Fv. The middle bulk layer is devoid of 
any amorphous content, having both small and large crystal-
lite grains in varying ratios for the three films. The variation 
in the ratios of the crystallite grains of two different mean 
sizes with film growth that is recognized by our SE analyses 
in these films was identified in all our samples of other in-
termediate thicknesses also, which are not shown here. In 
Fig. 2(b), again a very high H2 dilution level is seen to result 
in a higher void fraction in all the layers. The AFM images 
of these samples in Fig. 2 (c), (d) and (e) reveal that the con- 
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FIG. 2. (a) Measured imaginary part of <ε2> spectra for nc-Si:H 
samples of terminal stage of growth (d ≈ 950 nm) prepared by dif-
ferent R values (1/1, 1/5 and 1/10); (b) schematic illustration of 
microstructures of the same films obtained from SE data analysis; 
the parts (c), (d) and (e) show the 2D-AFM images (2000 nm × 
2000 nm) of the same films. 
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glomeration of the grains has taken place, resulting in forma-
tion of large crystallite grains. The conglomerate grains of 
R=1/5 and R=1/1 films are found to cover a wider area by 
collecting more grains into their domains, compared to the 
sample of R=1/10. The film of R= 1/10 contains conglomer-
ate grains having a cauliflower-like shape, which implies 
that the growth in lateral direction is more when the H2 dilu-
tion is increased, which results in a bigger size of conglom-
erate grains. These observations are in good agreement with 
our earlier predictions. The surface roughness values men-
tioned in the respective AFM images indicate the same find-
ing as in Fig. 2(b), i.e., the roughness layer increases with 
increasing H2 dilution.  
Now we come to the results of the bifacial RS measure-
ments of nc-Si:H samples at different stages of growth (at 
average d ≈ 55 and 950 nm) and deposited under different R 
values. The RS(F) and RS(G) profiles of these samples are 
presented in Fig. 3. For the set of samples having d ≈ 950, 
we see that an explicit amorphous hump (a broad peak at 
480 cm-1) is absent in their RS(F) profiles. The amorphous 
hump can be seen in the RS(G) of all the samples of both the 
thickness sets, due to the presence of amorphous content in 
the interfacial layer. All these findings are in good agree-
ment with the SE results. However, in the samples at early 
stages of growth, such an amorphous hump can be seen in 
the RS(F) profile. In the absence of an explicit amorphous 
hump, the asymmetry in the Raman lineshape of RS profiles 
of nc-Si:H samples,  seen as a low energy tail, can be attrib-
uted to the distribution of smaller sized crystallites.  
The presence of two distinct sizes of crystallites and 
their varying percentage volume fractions at different stages 
of film growth deduced from SE results indicate a need for 
taking into consideration this CSD while deconvoluting the 
RS profiles, for a better agreement and physical accuracy. 
Keeping these considerations in mind, we have used the de-
convolution model described in Ref. [9] for obtaining the 
CSD in Si nanostructures, for the analysis of our RS data. 
The final deconvolution results consisting of the total fit, and 
the deconvoluted peaks for the RS profiles of one samples 
from each thickness set are shown in Fig. 4. The RS(F) and 
RS(G) profiles of R = 1/10 film having d ≈ 55 nm are shown 
in Fig. 4(a) and (b) respectively, while the RS(F) and RS(G) 
profiles of R = 1/5 film having d ≈ 950 nm are shown in Fig. 
4(c) and (d) respectively.  
Taking the inputs from SE studies basically gives rise to 
three different models which can be applied to the deconvo-
lution of the RS profiles of our nc-Si:H samples:  
(i) Model “cd+a” having only one type of CSD (mainly 
the contribution from small sized crystallites) with an 
amorphous background: Fig. 4(a) and (b). 
(ii) Model “cd1+cd2” where a bimodal CSD [small (cd1) 
and large (cd2) crystallites] without an amorphous 
background is considered: Fig. 4(c). 
(iii) Model “cd1+cd2+a” incorporating a bimodal CSD 
along with an amorphous phase: Fig. 4 (d). 
These fitting models were applied to all the RS profiles 
of the samples, and the best fit is shown in these graphs. For 
assessment of the goodness of fit, not only are the visual 
scrutiny and statistical validation important, but the physical 
plausibility, the corresponding SE data and the direction of 
RS measurement also needed to be taken into account. The 
direction of RS measurement is important because the Ra-
man collection depth for µc-Si:H material at 632.8 nm (He-
Ne red laser) is  ≈ 500 nm, which has to be kept in view, es-
pecially in the samples at lower thicknesses, to understand 
the data collected by RS from each direction.   
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FIG. 3. Bifacial Raman spectra [RS(F) and RS(G)] for nc-Si:H 
samples of two stages of growth (at average d ≈ 55 and 950 nm) 
and deposited under different R values. 
FIG. 4. Deconvolution results consisting of the total fit, and 
the deconvoluted peaks for the RS profiles of one samples 
from each thickness set of different d. The deconvolution of 
RS(F) and RS(G) profiles of R = 1/10 film having d ≈ 55 nm 
is shown in parts (a) and (b) respectively, while the deconvo-
lution of RS(F) and RS(G) profiles of R = 1/5 film having d ≈ 
950 nm is shown in parts (c) and (d) respectively. The respec-
tive fitting models are mentioned in each figure. 
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The microstructural composition of the films deduced 
from the deconvoluted RS data is presented in Table 1. The 
percentage volume fractions of the small and large crystallite 
grains and amorphous content are denoted by Xc1, Xc2 and Xa. 
The trend indicated by these values are in good agreement 
with the outcome of SE results, although a strict similarity 
between the absolute values deduced from these two differ-
ent tools operating on different principles and at different 
length scales is neither possible, nor reasonable to aim for.   
4. SUMMARY 
Single phase nano (or synonymously, micro) crystalline 
silicon films were studied with different microstructural 
tools to elucidate the film microstructure at different stages 
of growth and for films deposited under different levels of 
H2 dilution. Our results show the microstructural evolution 
with film growth for varying H2 dilutions in the context of 
the crystallite grain growth, aggregation and variation in the 
percentage volume fractions of the constituent grains of dif-
ferent sizes. An initial increase in the H2 dilution results in 
reduction of defects, better crystallinity and crystallite col-
umn formation. However, increasing the H2 dilution further 
results in an increase in void fraction. 
Our SE results demonstrate the presence of two distinct 
mean sizes of crystallites in the films after a certain growth 
stage, depending on the H2 dilution level, which substanti-
ates the rationale of taking into account a crystallite size dis-
tribution while analyzing microstructural data. The deconvo-
lution of experimentally observed RS profiles of such nano 
and microcrystalline silicon films where a CSD is evident, 
has been done using a bimodal size distribution of large 
crystallite grains (≈70-80nm) and small crystallite grains 
(≈6-7nm), and the fractional compositional analysis of the 
films obtained by this methodology is strongly corroborative 
with the findings of SE and AFM studies.  
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Table 1. Microstructural information such as mean crystallite 
sizes, their distribution [σ (nm)] and fractional compositions ob-
tained from deconvolution of bifacial RS profiles of the samples.  
 
